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INTRODUCTION
Esophageal cancer is one of the most common malignancies in the world, and the incidence of esophageal adenocarcinoma (EAC) has markedly increased in recent decades, as it accounts for almost half of all esophageal cancers [1, 2] . The 5-year survival rate is less than 20% [3] because most EAC patients are first diagnosed in the advanced stages, which are not curable [4] . As a well-established risk factor for EAC, Barrett's esophagus (BE) confers a persistent risk of progression to EAC [5] , increasing a patient's risk more than 30 times than the general population [6, 7] . In the first global definition, namely, the Montreal definition, BE is defined as the replacement of normal squamous epithelial lining with metaplastic columnar epithelium [8] . Notably, the incidence of EAC progression from BE varies among studies. Some studies have indicated that more than 85% of newly diagnosed EAC patients have no history of BE [9, 10] , whereas other investigations [6, 7] have reported that almost half of EAC patients have progressed from BE. Nevertheless, BE is the only well-recognized precursor of EAC, and the underlying mechanisms of pathogenesis and carcinogenesis need to be elucidated [11] . Many researchers have already shown that some factors may contribute to the development of BE and EAC, and the identified risks include, but are not limited to, gastroesophageal reflux (GER), male sex, older age, central obesity, tobacco smoking, Helicobacter pylori (H. pylori) eradication with antibiotics and acid suppression therapy [3, [12] [13] [14] . However, preventive strategies are lacking.
The human gut harbors trillions of microorganisms [15] [16] [17] [18] , and the composition of the microbial communities that inhabit the mouth, esophagus, stomach and intestine are diverse and host-specific. The majority of microorganisms are bacteria and are estimated to comprise ~10 14 bacterial cells, which is ten times more than the total number of human cells [19] . These microorganisms benefit the human host in many ways, such as helping in digestion, assisting in the synthesis of certain vitamins, promoting the development of the gastrointestinal immune system, regulating metabolism and preventing invasion by specific pathogens [15, 16, 19, 20] . On the other hand, microbial dysbiosis may lead to tissue damage and play significant roles in various diseases, including inflammatory disorders and cancers [21] [22] [23] [24] [25] . Dysbiosis refers to an abnormal condition of the microbial ecosystem in a host [26] . Therefore, equilibrium must be achieved and maintained to support the interactions of the human host and microbiota. Before the 1990s, researchers mainly focused on the role of certain microorganisms by using protocols largely limited to culture-dependent methods, but cultivation is not suitable for defining a complicated microbial community and may induce bias as well [19] . Since the development of next-generation sequencing, which is independent of cultivation, the sensitivity of research techniques has been dramatically improved, and microbiota exploration has begun [20] . However, little is known about the relationship between the microbiota and the pathogenesis of BE and EAC. Here, we review the features of microbial communities in BE and EAC patients, which may provide some evidence of the relationships between altered esophageal microbiota and BE/EAC.
ESOPHAGEAL MICROBIOTA
The colon has the largest microbiota in the body [20] , whereas the esophagus has far fewer microbes. Although bacterial communities have been observed with high interand intra-individual variations, an overlapping community has been identified between sites [27, 28] . Previous studies [20, [29] [30] [31] have suggested that Firmicutes (Clostridium, Ruminococcus, Eubacterium, Peptostreptococcus, Peptococcus, Lactobacillus-L), Bacteroidetes, Proteobacteria (Enterobacteriaceae) and Actinobacteria (Bifidobacterium-BF) phyla constitute the majority of the human gut microbiota. The composition of the microbiota located in the normal esophagus is relatively conserved, and the estimated resident microbes are mainly composed of more than 100 species, most of which have already been identified [32, 33] . The dominant microbes that colonize the normal esophagus are Streptococcus [32, 33] , and Dong L et al. [28] reported that no distinct microbial preference exists in the upper, middle and lower esophagus. However, the microbiota varies in different esophageal diseases compared to the healthy esophagus [34] . In 2004, Pei Z et al. [32] found that six major phyla constituted the esophageal microbiota, namely, Firmicutes, Bacteroides, Actinobacteria, Proteobacteria, Fusobacteria and TM7, which are comparable to the oral microbiota. The genus Streptococcus dominates the esophageal microbiota [32] . Since then, more studies have emerged, and a classification for the esophageal microbiota was proposed [33] . In 2009, Yang L et al. [33] reported that type I microbiota, which is mainly composed of gram-positive bacteria, is closely associated with the normal esophagus and is dominated by the Firmicutes phylum. Consistent with previous studies, Streptococcus was the most dominant genus, and its relative abundance was higher. The type II microbiota is enriched in gram-negative bacteria (more than 50%) and is mainly associated with the abnormal esophagus. The relative abundances of 24 other genera are increased in the type II microbiota, many of which are relevant to BE. These increased gram-negative anaerobes/microaerophiles include Veillonella, Prevotella, Haemophilus, Neisseria, Granulicatella and Fusobacterium. Moreover, one study [19] conducted in Japan showed that the numbers of bacteria were similar in control, esophagitis and BE groups, despite the changes in the relative abundance of taxa. In patients with esophagitis or BE, the microbial diversity changed, and the abundance of Streptococcus species was reduced [33] . Gram-negative anaerobes/microaerophiles occupied greater proportions [33] , such as Veillonella, Prevotella, Fusobacterium and Neisseria [19, 33] . This shift from a gram-positive aerobic microbiota to a gram-negative anaerobic microbiota may be influenced by microenvironmental changes and related to abnormal disease states [33] . These consistent observations suggested that the altered microbiota is reliable in BE and could be further studied. Of note, Macfarlane S et al. [35] found that Campylobacter colonized the esophagus of the majority of BE patients and could not be identified in the control group. Moreover, Amir I et al. [36] strongly suggested that the family Enterobacteriaceae (mainly the genus Escherichia) is associated with esophageal abnormalities, such as esophagitis and BE, and may have a possible role in the pathogenesis of inflammation and metaplasia. Therefore, a large-scale joint multi-center, multi-region, multi-race study about the alteration of the esophageal microbiota in BE/EAC is needed to provide more evidence.
Damage of the esophageal epithelium could affect the normal barrier and induce the translocation of other bacteria, thus influencing the microenvironment and immune homeostasis [11] . Although studies of specific bacteria in the development of EAC in addition to H. pylori [3] are rare, more attention has been paid to the local microbiota changes. The microbial diversity in the esophagus is decreased in EAC patients [12] , regardless of the exact sampling locations. The decreased genera included some gram-negative and gram-positive taxa, such as Veillonella and Granulicatella. In contrast, Lactobacillus fermentum was found to be enriched in EAC patients compared to controls and BE patients. Notably, lactic acid bacteria could be dominant and affect the microenvironment [12] . A low microenvironmental pH may facilitate the growth of Lactobacillus spp. and Streptococcus spp. in the tumor niche [12] . Fermentation could produce more factors to inhibit the proliferation of other competitor microbes as well. Then, Lactobacillus may dominate the environment of the lower esophagus. Moreover, some specific species were demonstrated to have higher abundance. At the phylum level, the proportional abundance of Tenericutes was higher. At the genus level, the proportional abundances of Fusobacterium, Megasphaera, Campylobacter, Capnocytophaga, and Dialister were greater [12] . However, Blackett KL et al. [37] did not identify any specific taxa with significant differences, and Zaidi AH et al. [38] reported that Streptococcus pneumonia was present at a relatively higher abundance in control and BE groups compared to EAC in rat BE and EAC models. Interestingly, Peters BA et al. [39] found that the oral microbiota composition could reflect the prospective risk for EAC, and the genus Neisseria and the species Streptococcus pneumoniae were associated with EAC risk, which is consistent with the findings in the studies above. It was reasonable to conclude that the esophageal microbiota is largely influenced by the oral microbiota and that the oral microbiota composition could provide some evidence of EAC progression [17] . Furthermore, the microbiota may be associated with BE and EAC by interacting with their risk factors. One notable example is the case of obesity. As a chronic systemic disease and a proposed risk factor, obesity, particularly central obesity, is closely related to BE and EAC [20, [40] [41] [42] . The linear pattern between increasing body mass index (BMI) and increasing risks of BE and EAC has been verified in several studies [43] [44] [45] [46] , which partially accounts for the increasing prevalence of EAC. Central obesity is closely related to EAC, even after adjustment for BMI [47, 48] , whereas the association between BMI and EAC risk disappeared after adjustment for central obesity. Moreover, the relationship between central obesity and BE has a similar pattern. Therefore, adiposity distribution may play an important role in BE and EAC pathogenesis. However, it is unclear whether weight loss could contribute to a reduced risk of BE and EAC. The possible mechanisms by which central obesity contributes to BE and EAC have been explored and discussed in several aspects. First, the increased abdominal adipose tissue might increase intra-abdominal pressure and gastric compression, disrupting the normal function of the gastroesophageal junction and promoting GER, which is also a well-recognized risk factor for BE and EAC [3] . Second, excess adipose tissue could secrete pro-inflammatory cytokines and adipokines [20] , and these active factors could provoke inflammatory and metabolic changes in the body [40] , such as stimulation of cell proliferation, apoptosis inhibition and neoplastic transformation. Third, the gut microbiota is altered in obese patients and has been associated with the activation of inflammation, which may play an important role in the development of BE and EAC [49] . Streptococcus and Prevotella species are the dominant bacteria in the upper gastrointestinal tract, and their ratio may be associated with central obesity and hiatal hernia length [27] , which are two known risks of BE and EAC. In addition, the gut microbiota may be adjusted concomitantly along with dietary changes that humans experience and that are the main cause of central obesity, but some 'lost' taxa may be difficult to regain over generations [50] . Therefore, a large gap in research must be bridged to elucidate the associations among central obesity, microbiota and EAC [51] . Ultimately, the optimal method for esophageal microbiota sampling is fundamental and needs to be explored. Many studies have used invasive endoscopy to obtain focal tissues that are similar to those obtained by biopsy or endoscopic brushing to examine the microbiota in a larger area. Gall A et al. [27] showed that mucosal brush samples could enhance the detection of bacterial diversity in the esophagus and stomach and the microbiota compositions were similar after replicate sampling. Fillon SA et al. [52] proposed another minimally invasive sampling method, namely the overnight esophageal string test, and suggested that the compositions of the esophageal microbiota were similar between the traditional biopsy and the string test. Due to the lack of standard sampling methods, Elliott DRF et al. [12] studied the values of the Cytosponge prototype as a non-endoscopic sampling device to seek minimally invasive methods for sampling the esophageal microbiota. For comparison, endoscopic biopsies, brushes and throat swabs were also included. Nevertheless, most of the microbial species overlapped among different sampling methods. However, the sampling area was larger with the Cytosponge, and the microbial DNA yield and total microbial abundance were higher. Moreover, the Cytosponge also provided clues for histological data, thus making it a valuable sampling method.
The important findings discussed above are summarized in Table 1 . Nevertheless, some of these data were drawn from a specific population, and the sample sizes were not large. Consequently, these findings still need to be verified before any application to the general population, and more effort should be made to reveal the exact alteration of the microbiota in different diseases.
OTHER POSSIBLE FACTORS RELATED TO THE ESOPHAGEAL MICROBIOTA

Helicobacter pylori
It has been reported that more than 15% of human malignant cancers are related to infection or infection-associated inflammation [53] , and many relevant studies are mainly focused on single microorganisms. There are two main theories to explain bacterial diseases [33] . Koch proposed the classic pathogen theory, which requires the presence of specific pathogens [54] . The other theory of microecological diseases is a new concept in which the whole microbiota contributes to pathogenicity [26] . As the only bacteria considered a class I human carcinogen, H. pylori is closely related to the progression of gastritis, gastric ulcer, gastric atrophy and gastric adenocarcinoma [55, 56] . The bacterium has infected more than 50% of the world's population [57] and continues to spread. Although H. pylori is primarily localized to the gastric mucosa, its colonization could affect the gastric and esophageal microbiota [11, 58] , and the microbial composition in the esophagus and stomach overlaps to a certain extent [27] . The increasing incidence of BE and EAC may be inversely associated with H. pylori infection [59, 60] , and the inverse correlation between H. pylori and EAC risk has been well documented [10, 27] . Meta-analyses [61] [62] [63] based on epidemiological and observational studies showed that EAC coincides with H. pylori eradication [49] . That is, H. pylori might affect carcinogenesis in the lower esophagus [27] . However, the inner mechanisms have only been partially revealed [10, 27] . H. pylori harbors some factors that lead to chronic inflammation and cancer, such as cytotoxin-associated gene A (CagA), vacuolating cytotoxin (VAC) and adhesins. The bacterium could promote inflammatory responses by activating nuclear factor kappa B (commonly known as NF-κB) [56] and may induce the production of certain cytokines such as IL-1β, IL-2, IL-8 and tumor necrosis factor-α (TNF-α), which trigger inflammatory responses in the gastric epithelium. H. pylori may also directly damage host DNA, dysregulate DNA transcription factors such as caudal type homeobox 2 (Cdx2), and induce epithelial injury and acid secretory functions [55, 56, 58] . Another possible mechanism is that H. pylori-induced gastric atrophy causes a reduction in gastric acid, which is the main source of GER substances [20] . Some studies suggest that H. pylori eradication could increase the serum level of ghrelin, which may lead to obesity and affect gastric emptying [61] , subsequently initiating the risks of BE and EAC. Moreover, H. pylori may stimulate apoptosis of EAC cells via the Fas-caspase cascade, which may account for another protective mechanism [61] .
MEDICATIONS
Acid suppression therapies have been highly effective in acid-induced diseases, such as gastritis, esophagitis, BE and EAC. Proton pump inhibitors (PPIs) are considered benign and are commonly used in clinical practice [64] . The suppression of acid secretion could affect gastric acidity, volume and GER and even the bacterial composition in the stomach and esophagus, with potential consequences for human health and diseases [36, 64] . The administration of PPIs could change the microbial composition in the esophagus and stomach in BE patients [34, 36] , which may contribute to the pathogenesis of BE, though this has not been well established. Studies have suggested that PPIs may directly target certain bacteria that contain P-type ATPase enzymes as part of their proton pumps, such as Streptococcus pneumoniae and H. pylori [65] . Moreover, the microenvironment could also be affected by the increased pH in the stomach and esophagus after PPI therapy. PPIs could reduce the number of gram-negative bacteria and decrease the risk for neoplasia in the esophagus [64] . To detail the changes, Amir I et al.
[36] collected esophageal samples before and after 8 wk and TM7 were most abundant in both the oral cavity and the esophagus. [28] 2 The genera Streptococcus, Neisseria, Prevotella, Actinobacillus, and Veillonella were most abundant in both oral cavity and esophagus, and Streptococcus in the esophagus.
3 No site-specific bacteria were found for three different segments (upper, middle, and lower) of the esophagus.
These studies displayed are sorted by the publication year. BE: Barrett's esophagus; EAC: Esophageal adenocarcinoma; GI: Gastrointestinal.
of PPI treatment in BE patients and found that PPI usage changed the esophageal microbiota. At the family level, Comamonadaceae was decreased, whereas other families, such as Clostridiaceae and Lachnospiraceae, were increased. However, longterm PPI therapy induced hypergastrinemia, which may upregulate cyclooxygenase-2 (COX-2) expression, cell proliferation and esophageal carcinogenesis [66] . PPI administration plays an important role in H. pylori eradication therapy. A study [67] conducted by Fischbach LA et al. showed that PPIs augment anti-H. pylori activity, and H. pylori appears to exert a protective role in esophageal neoplasia. The possible reason might be that PPIs have some direct protective effects in BE, which extend far beyond other effects [64] . At present, there is no direct evidence of a relationship between PPIs and esophageal carcinogenesis, and long-term preclinical and clinical studies with larger samples are needed to reveal the precise associations among PPIs, H. pylori and BE/EAC.
The introduction and worldwide application of antibiotics might also have contributed to the increasing incidence of BE and EAC [20] . The discovery and wide usage of antibiotics have cured many infectious diseases, but several unexpected effects have appeared, some of which may influence the progression of BE and EAC. Antibiotics may definitively change the gastrointestinal microbiota [3] , and alteration of the microbial abundance and/or diversity might contribute to disease pathology [68] . Cho I et al. [69] found that the sub-therapeutic administration of antibiotics increased the abundance of Firmicutes and decreased the abundance of Bacteroidetes, which are the two main phyla in the colonic microbiota. Moreover, the overweight population harbored a higher ratio of Firmicutes to Bacteroidetes than the controls [26] , and weight loss increased the abundance of Bacteroidetes. These data [26, 69] indicated that long-term exposure to antibiotics changes the colonic microbiota, which may induce obesity and GER. In the same way, the use of antibiotics can change the microbiota in the esophagus. Tian ZY et al. [70] have suggested that H. pylori infection and antibiotic treatment changes the microbiota composition in the esophagus in a mouse model. In addition, an altered esophageal microbiota might play a more direct role than H. pylori or obesity in inflammation and in BE and EAC carcinogenesis [20] . On the other hand, antibiotics may help restore the normal esophageal microbiota to type I from type II by increasing the relative abundance of Streptococcus. Interestingly, antibiotics are another important part of H. pylori eradication therapy. The complicated associations among these factors need further investigation and validation [20] .
MECHANISMS
Some studies have already proposed several potential mechanisms by which the microbiota participates in human carcinogenesis [20] by complicated interactions with the human host immune system and signaling pathways [56] (Figure 1) . First, alteration of the microbiota may result in inflammation, and persistent chronic inflammation may promote carcinogenesis [71] . The disequilibrium between human immunity and microbiota may change the compositions of essential bacterial molecules at certain organs or sites and then form microorganism-associated molecular patterns (MAMPs) [71] , such as toll-like receptors (TLRs) and nucleotide-bindingoligomerization-domain (NOD)-like receptors [72, 73] . Then, the subsequent activation of related pathways may lead to the production and release of some target genes involved in inflammation [73] , such as cytokines, chemokines and other inflammatory factors. For example, specific bacterial invasion could promote the production of IL-17 and IL-23 and then induce an inflammatory response [74] . Bacterial products, or even the microbes themselves, could be sensed by some receptors on the epithelial membranes. The esophageal type II microbiota could produce larger amounts of gram-negative bacterial components, involving lipopolysaccharides (LPS) [19, 75] . LPS could delay gastric emptying via COX1/2 [76] and contribute to the development of GER by increasing the intra-gastric pressure. Notably, LPS could also affect the function of the lower esophageal sphincter, which may promote GER and carcinogenesis [75] . TLRs recognize known molecules from microbes [77, 78] and have a well-recognized role in carcinogenesis [38] . As part of the pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs), TLRs serve as receptors of various ligands, such as bacterial cell wall components and DNA and viral doublestranded RNA [77, 78] . Therefore, TLRs mediate the interaction of the immune system with the microbiota [79] . Due to the connective roles between innate and adaptive immune responses, TLRs represent an important linking factor between inflammation and cancers [38, 77, 78, 80] . As the natural ligand of LPS, TLR4 is expressed in the human esophageal epithelium, and its expression increases in BE and EAC [75] . TLR4 activation triggers the NF-κB pathway, which is related to inflammation-associated carcinogenesis [81] and mediates the initial metaplastic BE changes [82] . COX-2 is also upregulated as one of the downstream genes, which is related to gastric emptying [75] and occurs along the progression of BE and EAC [83] . Therefore, the activation of the LPS-TLR4-NF-κB pathway may contribute to inflammation and malignant transformation [20, 75] . Similarly, activation of the Wnt signaling pathway could induce defects in cellular tight junction proteins and decrease the production of some mucins, which may have positive roles in the protection from carcinogenesis [84] . Second, bacteria may generate genotoxins that could cause genomic damage. For instance, the cytolethal distending toxin, which may be produced by gram-negative bacteria, can induce DNA damage and genomic instability [23, 85] . Some bacterial products have tumor-promoting effects [86] , such as CagA and VacA, and some bacteria may also activate procarcinogens to provoke inflammation and cancer development [87] .
CONCLUSION
The number of studies on how microbial communities contribute to the pathogenesis of BE and EAC is increasing, and greater attention has been paid to the etiology and molecular mechanisms [49] . Although some observations are promising, the sample sizes of the related studies are not large enough, and the existing data are too limited to draw any convincing conclusion. The most appropriate methods and controls need to be proven as well. The mechanisms by which the microbiota affects the pathogenesis of BE and EAC are still not clear, and further studies are required. Whether the direct interactions between microbes and epithelia or the released products from microbes regulate local inflammation and immunity are under investigation [88] . Furthermore, it is important to identify when changes occur in the microbial composition during disease progression.
Without a doubt, exploring BE pathogenesis is a good way to study the carcinogenesis of EAC [11] . However, the alterations of microbial diversity in BE and EAC are modest [36] , and the particular species of bacteria that can discriminate BE and EAC from controls have not yet been identified. Moreover, some low-abundance genera might be difficult to detect. Amir I et al. [36] reported that they could not identify any biomarker taxa for distinguishing BE from controls. Yang L et al. [33] showed that some gram-negative bacteria are enriched in BE and might thus be related to BE. Moreover, some genera might contribute to the etiology and pathogenesis of BE and EAC, or result from BE and EAC [11] . We still need to search for distinct microbial species that could be biomarkers for BE and EAC in individuals at higher risk, and the subtypes of EAC should be taken into consideration.
Nevertheless, finding the true causal mechanisms of dysbiosis is complicated, and the identification of a single species or a collection of species responsible for a particular disorder is sophisticated. The introduction of new techniques, such as nextgeneration sequencing, will definitely assist in revealing the mechanisms of the gastrointestinal microbiome in BE and EAC development, which might provide some evidence of their relations and the pathogenesis of BE and EAC. The microbiota in BE and EAC patients remains to be explored, particularly with the adjustment of other risks, such as sex and central obesity. It is crucial to improve our understanding of the The microbial dysbiosis in the esophagus is associated with abnormal esophagus. Normal esophagus harbors a larger proportion of grampositive bacteria, whereas the microbiota in abnormal esophagus is dominated by gram-negative bacteria. This shift from a gram-positive aerobic microbiota to a gram-negative anaerobic microbiota may interact with inflammatory cells and promote the production and secretion of inflammatory factors, such as cytokines and chemokines. In addition, the increase in gram-negative bacteria and their components/products, including LPS, DNA and RNA, may stimulate TLRs (mainly TLR4). TLR4 expression in the esophageal epithelium of BE/EAC is upregulated. As the natural ligands of LPS, TLR4 may play an important role in pathogenesis, whose activation could trigger the NF-κB pathway. These interactions mentioned above may stimulate activation of certain intercellular signaling pathways, such as NF-κB. This activation may upregulate the expression of target genes. Moreover, genotoxins generated by some bacteria may cause genomic instability and DNA damage. The end effects might be the induction of inflammation, BE transformation and carcinogenesis. However, whether the microbiota plays a causative role in BE/EAC progression is still unclear. LPS: lipopolysaccharides; NF-κB: nuclear factor kappa B; TLRs: toll-like receptors; BE: Barrett's esophagus; EAC: Esophageal adenocarcinoma.
process by which the microbial composition may promote disorder progression [20] . The prognosis of EAC is poor, and the most pivotal factor is the tumor stage at diagnosis [3] . Given this situation in EAC patients, screening certain individuals with higher risks could be useful for early diagnosis. The cost-effectiveness and feasibility of endoscopic usage urge us to seek a less invasive and effective way of screening and early detection for BE and EAC [89] . Early detection of EAC will improve the survival rate and quality of life. Identification of BE patients who have higher risks of developing EAC could provide diagnostic clues and avoid unnecessary procedures, and the medical resources could be re-distributed to those who truly need attention. Understanding the pathogenesis and exploring biomarkers could also lead to early detection and prevention and improve the survival of some EAC patients. The therapeutic manipulation of the microbiota, such as prebiotics, probiotics or microbiota transplants, could be a potent approach in the management of inflammation and cancers [56] . The convincing associations between the microbiota and BE/EAC have indicated the importance of these studies. This exciting field of gastrointestinal microbiota allows us to unravel the mystery of carcinogenesis from another perspective, and the integration of different biomarkers may lead us to rapid advances. The introduction of animal models could be the proverbial icing on the cake. Future perspective studies with sophisticated techniques are needed to explore whether the microbiota changes before or after disease onset, to improve our understanding of the pathogenesis, and to find novel targets for prevention, diagnosis and therapy, which could offer more cost-effective and relatively safe choices [19, 56, 90] .
